The sulfur (S) and copper (Cu) contents of primitive mid-ocean ridge basalts (MORB) and ocean island basalts (OIB) are similar, although the latter are thought to be derived from hotter mantle. To reconcile the sulfur and chalcophile element budgets of OIB, we developed a model to describe the behavior of sulfide and Cu during decompression melting of mantle by combining experimental constraints on decompression melting at different excess mantle potential temperatures, T P , between 1400 and 1650 C, and empirical sulfur content at sulfide saturation (SCSS) models, which take into account the effect of Ni and Cu present in the equilibrium sulfide melt. Model calculations at T P ¼ 1450-1650 C were applied to explain the S and Cu inventory of high-Mg# 'reference' OIB. Modeling indicates that partial melts relevant to OIB generation have higher SCSS than those of primitive MORB, because of the positive effect of temperature on SCSS. Therefore, for a given abundance of sulfide in the mantle, hotter mantle consumes sulfide more efficiently than colder mantle. Calculation of SCSS along melting adiabats at T P ¼ 1450-1550 C, with variable initial S content of peridotite, indicates that sulfide-undersaturated primitive Icelandic basalts with $720 ppm S and 74-115 ppm Cu can be generated by 10-25 wt % melting of peridotite containing 100-150 ppm S. The S and Cu budgets of OIB that are thought to represent low-degree melts can be satisfied by (1) peridotite partial melting if a sulfide-saturated partial melt with a Ni content in the sulfide melt !25-30 wt % is derived from relatively cold mantle (T P 1450 C), or (2) if primitive melts parental to OIB are enriched in S (>1500 ppm), or (3) an extremely low ( 1%) degree of melting is applicable. Alternatively, if the Ni content in the equilibrium sulfide in the peridotitic mantle is 20-25 wt %, mixing of partial melts, derived from low-degree melting of MORB-eclogite and metapelite, with S-depleted peridotite partial melts may be necessary to reconcile the measured S and Cu contents in the low-F (<10%, where F is melt fraction) basalts from Galapagos spreading center, Lau Basin and Loihi for T P of 1450-1650 C. In this last case, sulfides, equivalent to 50-100 ppm S in the peridotite mantle, can be exhausted by 1-9 wt % partial melting. The total S inventory of the heterogeneous mantle source of these basalts is higher because of the presence of subducted eclogite 6 sediments. Our analysis also suggests that compared with peridotite, which is likely to become sulfide-free during partial melting owing to the high SCSS for its partial melts, subducted MORB-eclogite and metapelite probably play important roles in retaining sulfide in the Earth's shallow mantle, owing to low SCSS in their partial melts and high initial sulfide abundances.
INTRODUCTION
Sulfur (S) is one of the most abundant volatiles, one that has a fundamental impact on various magmatic processes and plays a crucial role in the evolution of life. The S inventory of the deep Earth is mainly controlled, on the one hand, by magmatic sulfur degassing at plate boundaries (Ding & Dasgupta, 2017) and to a lesser extent through intraplate volcanism, and, on the other hand, by subduction of sulfides and sulfates back into the deep Earth (Jé go Tomkins & Evans, 2015; Canil & Fellows, 2017) . Constraints on the average S budget of the Earth's mantle and the variability of mantle sulfur on a spatial scale are, however, limited. Previous studies have estimated 100-300 ppm S in the mid-ocean ridge basalt mantle source based on the S, chalcophile element (e.g. Cu, Tl, Pb), and platinum group element (PGE) geochemistry of mid-ocean ridge basalts (MORB) (Rehkä mper et al., 1999; Saal et al., 2002; Nielsen et al., 2014; Barnes et al., 2015; Shimizu et al., 2016) ; they are nonetheless based on fundamentally different assumptions. For example, constancy of the S/Dy ratio of MORB is often employed to estimate the S content of the MORB source (Saal et al., 2002; Salters & Stracke, 2004; Shimizu et al., 2016) , which is valid only if sulfur behaves incompatibly during mantle melting, similar to Dy, with exhaustion of sulfide in the mantle. In contrast, analysis of chalcophile elements and PGE in basalts yields different conclusions about the behavior of sulfides during mantle melting. For example, Nielsen et al. (2014) used a constant Ce/Tl ratio for global MORB to argue that both clinopyroxene and sulfide are present at a constant ratio throughout the melting interval and used this to estimate the S content in the mantle. Through modeling of the behavior of PGE and Au during different melting scenarios, however, Rehkä mper et al. (1999) and Barnes et al. (2015) demonstrated that only accumulated fractional melting within a triangular melting regime can reproduce the signature of PGE and Au in MORB and that MORB are a mixture of high-degree sulfide-undersaturated melts and low-degree sulfidesaturated melts. Furthermore, our previous analysis of the behavior of sulfides during peridotite melting in the MORB source has revealed the intimate interplay between extraction of S through magmatism, the initial S abundance in the mantle source, the degree of melting and mantle potential temperature (Ding & Dasgupta, 2017) . It is also suggested by our previous analysis that sulfide in the mantle residue can be exhausted by intermediate to high degrees of melting ($8-22 wt %) during MORB generation.
The exhaustion of mantle sulfide by decompression melting or survival through the highest degrees of melting during MORB generation have fundamentally different implications for the S budget of the unmelted mantle source. MORB provide information about Earth's depleted mantle (DM), a relatively homogeneous mantle reservoir, over a narrow range of mantle thermal conditions (T P ¼ 1340-1420 C; Putirka, 2005; Priestley & McKenzie, 2006; Courtier et al., 2007; Herzberg et al., 2007; Lee et al., 2009) . In contrast, Earth's interior is compositionally and thermally heterogeneous, owing to early differentiation processes and through continuing plate tectonics, with some domains having much higher mantle potential temperatures and others experiencing extremely low or high degrees of partial melting (Dixon & Clague, 2001; Workman et al., 2004; Shorttle et al., 2014) . Previous studies on the geochemistry of PGE and chalcophile elements in Icelandic basalts (Momme et al., 2003) , flood basalts in East Greenland (Momme et al., 2002 (Momme et al., , 2006 , and on komatiitic and picritic magmas (Keays, 1995) have shown that magmas generated at high mantle potential temperatures and by high to extremely high degree of melting (>20%) are likely to be sulfide-undersaturated during mantle melting. Similarly, small-degree partial melts enriched in unfractionated chalcophile elements have been documented by Mungall et al. (2006) , which have been interpreted to be sulfide-undersaturated owing to sulfide exhaustion at a moderate to high oxygen fugacity. Despite these studies, in which the geochemistry of sulfide-loving elements has been used to track the behavior of mantle sulfides, there is no systematic analysis modeling the fate of sulfides during partial melting of the Earth's mantle at high mantle potential temperatures as a function of degree of melting and various initial sulfur abundances in the mantle source. Specifically, sulfur geochemistry during ocean island basalts (OIB) source mantle melting has not been directly modeled. Furthermore, previous studies on S isotopes have shown that deeply subducted S can be sampled by young lavas, and can provide information about the subducted protoliths, mantle convection and plate tectonics during early Earth history (Cabral et al., 2013; Labidi et al., 2014 Labidi et al., , 2015 . Nevertheless, it remains unclear to what extent subducted S as sulfides or sulfates (Jé go Tomkins & Evans, 2015) contributes to S outflux through intraplate magmatism, and what the relative contribution of subducted crustal sulfur versus mantle sulfur is in the S budget of the erupted magmas.
OIB are one of the critical probes for understanding the chemical, lithological and thermal variations in the Earth's mantle (e.g. Dasgupta et al., 2010) . OIB were originally proposed to be derived from anomalously hot mantle termed 'hotspots', possibly related to mantle plumes (Wilson, 1963; Morgan, 1971) . Although there is continuing debate on whether all OIB source materials are indeed hotter than mid-ocean ridges (e.g. Herzberg, 2011; , thermobarometers based on major elements, as well as comparisons with partial melting experiments, have suggested deep melting for the petrogenesis of some primitive OIB and excess mantle potential temperatures (Putirka, 2005; Lee et al., 2009; Shorttle et al., 2014) . The thermal state of the mantle also influences the major element compositions of the partial melts (Lee et al., 2009; Dasgupta et al., 2010) . Pressure (P), temperature (T), and melt compositions are three key factors determining sulfur contents at sulfide saturation (SCSS; e.g. Li & Ripley, 2009; Baker & Moretti, 2011; Fortin et al., 2015) . Therefore, to thoroughly investigate the S budgets of partial melts parental to OIB, temperature variations between ocean islands need to be carefully addressed. Moreover, the broad variability displayed in OIB trace and major elements, and their isotopic characteristics, indicates the presence of heterogeneities in OIB source regions (Hofmann, 1997) . Altered oceanic crust and/or lithospheric mantle, and sediments introduced into mantle source regions by subduction recycling, have been proposed to contribute to the generation of a wide range of intraplate basalts (e.g. Workman et al., 2004; Sobolev et al., 2005; Jackson et al., 2007; Gerbode & Dasgupta, 2010; Mallik & Dasgupta, 2012 Garapi c et al., 2015) . Thus, the S abundances of primary OIB that sample peridotite partial melts, as well as deeply recycled components, can provide a better understanding of the long-term S cycle, with implications for the role of the primordial or ambient mantle and recycled lithologies in deep S storage. However, no previous studies have combined S solubility models and decompression melting models of a heterogeneous mantle to thoroughly track S during the generation of primary OIB, and to constrain the sulfur budget in the OIB mantle source.
In this study, first, we compiled major element and S data for OIB from different ocean islands to understand the geochemical systematics among S, Cu and major elements. Then we coupled experimental melt compositions as a function of P and T during partial melting of peridotite (Langmuir et al., 1992; Hirose & Kushiro, 1993; Walter, 1998; Davis et al., 2011) and the most updated SCSS models derived from previous experimental studies (Ariskin et al., 2013; Fortin et al., 2015; Smythe et al., 2017; Ding et al., 2018) to track the content of S in the partial melt and the evolution of sulfide in the mantle residue at potential temperatures relevant for OIB generation. Specifically, recent experimental studies on SCSS (Jugo et al., 2010; Ariskin et al., 2013; Fortin et al., 2015; Smythe et al., 2017; Ding et al., 2018) have made it possible to track SCSS as a function of pressure, temperature, melt and sulfide composition, and water content, as well as oxygen fugacity. The fractionation of Cu, a highly chalcophile element, is also modeled, to derive an internally consistent set of data about the geochemistry of both S and Cu in partial melts parental to OIB. We further consider whether melts parental to OIB can be derived from peridotite alone or whether contributions from partial melts of recycled ocean crust or continental sediments are also necessary to explain the S and Cu geochemistry of OIB. We conclude that a distinct contribution of sulfur sourced from recycled lithologies is necessary to explain the S and Cu budget of many of the OIB that are sourced from hotter than ambient mantle domains.
DATA COMPILATION AND OBSERVATIONS
Sulfur, copper, and major element data were compiled from glasses, glassy melt inclusions, and whole-rock powders from several ocean islands (Fig. 1) including the Galapagos spreading center (GSC), Samoa, Hawaii (Loihi and Kilauea), Iceland, and the Lau Backarc Basin (Lau Basin), as reported by previous studies (Yi et al., 2000; Dixon & Clague, 2001; Momme et al., 2003; Thordarson et al., 2003; Workman et al., 2004 Workman et al., , 2006 Greaney et al., 2017) . Samples from the GSC, Samoa, Loihi, and Lau Basin are submarine glasses at collection depths from 1000 to 4000 m, and samples from Iceland are glassy melt inclusions in olivine and plagioclase (6 clinopyroxene) phenocrysts from subaerial lavas (Thordarson et al., 2003) . The impact of sulfur degassing has been discussed in some of the original literature (Dixon & Clague, 2001; Thordarson et al., 2003; Workman et al., 2006; , and it is suggested that the submarine glass and the glassy melt inclusions from these studies are not affected by sulfur degassing. Samples from the GSC have similar S contents to the others. Thus, we infer that the effect of degassing on the S contents of basalts from the GSC is also relatively minor. We also considered the potential effect of S partitioning between an H 2 O-CO 2 vapor phase and basaltic melt, given the low solubility of CO 2 (Dixon et al., 1995; Dixon, 1997) , and high D vapor=melt S at pressures lower than 1Á5 kbar (e.g. Webster & Botcharnikov, 2011) . By comparing P sat (CO 2 -H 2 O saturation pressure) and P coll (pressure of sample collection) from Dixon & Clague (2001) and Workman et al. (2006) , we are able to differentiate some of the vapor-undersaturated samples from Loihi and Samoa, which are highlighted in Fig. 1b and c. Because no pronounced difference in S concentration can be observed between the vapor-undersaturated and the rest of the available samples at similar MgO contents ( Fig. 1b and c) , we also argue that the entire compilation of high-Mg basalts in this study is little affected by S partitioning into a vapor phase. Thus, S concentrations obtained in these glasses are representative of the original, pre-eruptive S contents of the near-primary magmas. Figure 1a , d and e demonstrates a systematic increase of S content as Mg# decreases from $65 to $30 in the Galapagos, Iceland and Lau Basin. Although both Samoa and Loihi display scattered but generally >750 ppm S within the Mg# range 60-35, an increase in the highest S contents from 1000 to 2500 ppm can still be observed within an Mg# range of 60-50 in both locations (Fig. 1b  and c) . The high S contents in the Samoan and Loihi basalts are likely to relate to the presence of S 6þ in the melt owing to the higher fO 2 (FMQ < fO 2 < FMQ þ 1, where FMQ is fayalite-magnetite-quartz buffer) in these magmas (Labidi et al., 2015; Brounce et al., 2017) . The trends of increasing abundance of trace elements with decreasing Mg# are often interpreted as the behavior of an incompatible element. In addition to its incompatibility in silicate minerals, however, S dissolved in silicate melt is always controlled by sulfur solubility. Further, in relatively reduced basalts (<FMQ þ 1; Jugo et al., 2010), it is controlled by SCSS. That is, S dissolves in the silicate melt almost entirely as S 2-combining with Fe 2þ (Wilke et al., 2011) , and forms an immiscible sulfide liquid when the melt is sulfide-saturated. Because Fe 2þ also increases as Mg# decreases, the alternative interpretation of increasing S in Fig. 1a -e is increasing SCSS in the melt in equilibrium with sulfide.
Cu concentration in silicate melts is often used as a probe of sulfide saturation because of its chalcophile nature (e.g. Li & Audé tat, 2012; Patten et al., 2013) . Figure 1f , h and i indicates that Cu concentrations in glasses from the Galapagos and Iceland, and in wholerock powders from Kilauea, increase with decreasing Mg# at Mg# >50. Although Cu concentrations in wholerocks from Samoa and in the glasses from Lau Basin are scattered within the Mg# range 80-40 ( Fig. 1f and g ), the lack of any systematic decrease in Cu with decreasing Mg# in Fig. 1f -j implies that sulfide might not be the liquidus phase in high-Mg# OIB or partial melts parental to OIB in all five ocean islands. However, it still remains unclear whether the potential sulfide undersaturation of primary OIB is achieved by the decompression of the mantle melt to shallower depths (Mavrogenes & O'Neill, 1999; Holzheid & Grove, 2002) , or if sulfide undersaturation is achieved by exhaustion of the sulfide phase during mantle melting, as suggested by our previous study of MORB generation (Ding & Dasgupta, 2017) . We attempt to answer this question by comparing S data for basalts with the highest Mg# in each oceanic island in Fig. 1 with their SCSS at liquidus temperature (T liquidus , calculated from MELTS; Ghiorso & Sack, 1995) and 0Á1 GPa. Figure 2 shows that most highMg# (55-65) OIB have S contents of $700-1300 ppm whereas the calculated SCSS ranges from 1200 to 1900 ppm. One Samoan glass with 1728 ppm S is slightly higher than its calculated SCSS of 1694 ppm; however, Labidi et al. (2015) have suggested that 17 6 11% S 6þ probably exists in the Samoan glasses. Because the presence of S 6þ enhances the sulfur content in the melt at sulfide saturation (Jugo et al., 2010) , the sulfur carrying capacity of this melt would be even higher than the measured S content of the high-Mg# melt. Additionally, none of the glasses shown in Fig. 1 has Mg# as high as 72Á5, which is the Mg# of the primitive melt in equilibrium with mantle with Fo 90 (Mg# $72Á5 highlighted in Fig. 1) . Therefore, we also compare the corrected S concentration of the most primitive OIB (Mg#>56) with the calculated SCSS for the primitive OIB composition corrected back to be in equilibrium with mantle peridotite with Fo 90 . Using this approach, S and Cu concentrations in the primitive melts can be inferred based on the Workman et al. (2004) . Some of the S data for Loihi (filled squares) are from Dixon & Clague (2001) , who did not report Cu data; the rest of the S and the Cu data for Loihi (filled squares) are from Yi et al. (2000) . Whole-rock Cu data from Kilauea (open squares) are from Greaney et al. (2017) . S data for Iceland (filled upright triangles) are from Thordarson et al. (2003) , whereas Cu data for Iceland (filled upright triangles) are from Momme et al. (2003) . Both S and Cu for Lau Basin samples (filled diamonds) are from .
degree of crystallization and partition coefficients of S and Cu between silicate melt and olivine, assuming the high-Mg# (>56) basalts are not sulfide-saturated, as suggested in Fig. 1 . The degree of crystallization is obtained by reversing the crystal fractionation/accumulation processes (described further below), using D olivine=melt S of 0Á0004 (Callegaro & Marzoli, 2015) , and D olivine=melt Cu of 0Á13 (Le Roux et al., 2015) . The S and Cu contents in the glasses and whole-rock powders with the highest Mg and their calculated SCSS at T liquidus and 0Á1 GPa, the corrected S and Cu values for fractionation-corrected liquid compositions, as well as the SCSS values of the corrected melt compositions are listed in Table 1 . Both the corrected S and Cu contents and the uncorrected, measured values are plotted in Fig. 2 . Given the lack of Cu data for Samoan and Kilauea glasses, we did not correct the Cu contents to the primitive magma for these two islands. The range of SCSS for these corrected OIB, in equilibrium with mantle peridotite with Fo 90 , using empirical models from Ariskin et al. (2013) , Fortin et al. (2015) , Smythe et al. (2017) and Ding et al. (2018) are also plotted in Fig. 2a . We compare the SCSS models of Ariskin et al. (2013) , Fortin et al. (2015) and Smythe et al. (2017) in our earlier study (Ding & Dasgupta, 2017) . Comparisons in Fig. 2a and Table 1 show that the calculated SCSS for primitive OIB are higher than the corrected S contents in primitive OIB from each ocean island. Results of both approaches suggest that the potential sulfide undersaturation could have happened during partial melting. Because there are more S and Cu data available at high Mg# (> 56) for OIB from the Galapagos, Loihi, Samoa, Iceland, and the Lau Basin, and their thermal conditions cover a wide range from 1450 to 1650 C, we will subsequently focus our discussions on OIB from these five islands. We use the S and Cu contents measured in glasses or wholerock powders with the highest Mg# as representative of the S and Cu contents in the primary melts at each island. The range of S and Cu concentrations of primitive MORB (Mg# >60; Ding & Dasgupta, 2017) are marked in Fig. 2a and b for comparison. Compared with the relatively narrow range of concentrations of 800-1000 ppm S and 80-120 ppm Cu from different mid-ocean ridges (Mid-Atlantic Ridge, East Pacific Rise and Indian Ocean Ridge; Ding & Dasgupta, 2017) , at Mg# >56, OIB from different islands display a slightly more diverse range of S (700-1200 ppm) and 
MODELING APPROACH
To model the evolution of S concentration in partial melts of peridotite at different mantle potential temperatures, we follow the framework outlined by Ding et al. (2015) of combining decompression melting with empirical sulfur contents at sulfide saturation (SCSS) parameterization derived from previous experimental studies (Ariskin et al., 2013; Fortin et al., 2015; Smythe et al., 2017; Ding et al., 2018) . A similar framework, applied to MORB source melting, has described in detail by Ding & Dasgupta (2017) . Because SCSS is a function of pressure, temperature and melt composition, we first calculated the pressure, temperature and melt composition along the melting path for a given mantle potential temperature, and then tracked the evolution of the aggregate melt composition as a function of the extent of melting along the melting adiabat. We also computed the residual mineral phases and their modes to calculate the distribution of S between the residue and melt after the consumption of sulfide, and to calculate the partitioning behavior of Cu.
Modeling of accumulated fractional melting
Melting processes are modeled as decompression partial melting of fertile peridotite mantle at potential temperatures of 1450 C, 1550 C, and 1650 C, using the data from experimental partial melting studies (Hirose & Kushiro, 1993; Walter, 1998; Davis et al., 2011) . We used a fertile peridotite composition for our modeling because such a peridotite composition is most commonly invoked as the dominant mantle composition for ocean island basalt source regions and is well explored in experimental partial melting studies (Takahashi, 1986; Hirose & Kushiro, 1993; Walter, 1998; Dasgupta et al., 2010; Davis et al., 2011; Mallik & Dasgupta, 2012) . We chose not to use the pMELTS algorithm (Ghiorso et al., 2002) for modeling partial melting because the current pMELTS calibration does not reproduce experimental partial melt compositions at pressures >2 GPa (i.e. for melting in the garnet stability field; Ghiorso et al., 2002) . Instead, we followed Langmuir et al. (1992) to calculate melt productivity during decompression (dF/dP), where F is the melt fraction and P is pressure:
The slope of the peridotite solidus in P-T space, (dT/ dP) sol , is from Hirschmann (2000) . The extent of melting as a function of temperature, (dT/dF), varies with pressure, and is parameterized as a function of pressure from isobaric partial melting experiments on fertile peridotites, KLB-1 and compositionally similar KR4003, between 1 and 4Á5 GPa (Supplementary Data Table S1 and Fig. S1 ; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org; see also Hirose & Kushiro, 1993; Walter, 1998; Davis et al., 2011) . All the other parameters are from Langmuir et al. (1992) . dT/dP adb , the temperature increase with pressure along the mantle adiabat, is taken as 10 K GPa À1 . H f , the latent heat of fusion, is taken as 100 cal g À1 , and C P , heat capacity, is taken as 0Á3 cal g À1 degree À1 of melting. The integral of equation (1) from the pressure where melting initiates (P i ), the intersection of the mantle solidus and mantle adiabat, to a certain pressure (P f ) represents the degree of melting at P f . Calculated melting adiabats are plotted in Supplementary Data Fig. S2 , and compared with the P-T of last equilibration of highMg# OIB. Melt composition changes as a function of pressure and the degree of melting is parameterized from the melting experiments [Supplementary Data Table S1 , Fig. S3 and equations (1)- (10); see also Hirose & Kushiro, 1993; Walter, 1998; Davis et al., 2011] . P is in GPa, and F is the melt fraction. All oxides are calculated in weight per cent (wt %).
The change in mineral proportions with increasing melt fraction (F) is first modeled at each pressure. At 1, 1Á5, 2 and 2Á5 GPa, the changes in mineral phase proportions with the degree of melting are modeled using MELTS (Ghiorso & Sack, 1995) , because experimental studies such as that by Hirose & Kushiro (1993) do not report mineral modes. At 3, 4, and 4Á5 GPa, mineral phase proportion changes are parameterized from those reported in the partial melting experiments of Walter (1998) and Davis et al. (2011) . Calculations of each mineral proportion at all pressures are shown in Supplementary Data Fig. S4 . Based on the isobaric parameterizations, mineral mass fractions were then calculated at 1, 1Á5, 2, 2Á5, 3, 4, and 4Á5 GPa along various melting adiabats for different mantle potential temperatures. Lastly, the change in the mass fraction of each mineral phase as a function of the degree of melting along the melting adiabat can be parameterized (Supplementary Data Fig. S5 ).
Estimates of mantle potential temperature
To calculate accurately the sulfur carrying capacity of mantle-derived melts parental to various OIB it is necessary to constrain the appropriate depth-temperature regime at which such magmas formed in the mantle. We first applied silica activity in melt barometry and olivine-melt Mg-exchange thermometry (Lee et al., 2009) to OIB samples with high MgO contents to calculate the pressures and temperatures of last equilibration between partial melts and their mantle residues. Because all the erupted high-Mg# OIB have experienced some degree of crystallization or crystal accumulation, the primitive magma composition can be inferred by reversing the fractionation or crystal accumulation processes until the melts are in equilibrium with a peridotite with an olivine composition of Fo 90 . Only magmas with MgO > 9 wt % from the GSC, Lau Basin, and Iceland, with MgO > 8Á5 wt % from Samoa and MgO > 8 wt % from Loihi are used for primitive magma composition calculation and mantle potential temperature estimation, assuming that the magmas are on an olivine control line. Using this approach, we calculated the conditions of melt-mantle equilibration for eight basalts from GSC, two from Samoa, four from Loihi, 26 from Iceland, and seven from the Lau Basin (Supplementary Data Fig. S2 ), for which sulfur data were available from the literature. The corrected sulfur content of each primitive melt (Fig. 2a) is indicated by a color code in Supplementary Data Fig. S2 .
Finally, all of the primitive liquid equilibration temperatures are converted to mantle potential temperatures by correcting for the latent heat of fusion during decompression melting and then extrapolating along a solid adiabat to the surface. Following the method of Langmuir et al. (1992) , the temperature drop upon melting owing to the latent heat of fusion is calculated by DT ¼ F Â (H fus /C P ), where F represents degree of melting of the primitive magma, and H fus and C P are taken to be 100 cal g À1 and 0Á3 cal g À1 C À1 , respectively. The degree of peridotite melting for basalts from Samoa and Loihi in our compilation was estimated to be 1% and 2-4% respectively (Dixon & Clague, 2001; Workman et al., 2004) . The degree of peridotite melting applicable to basalts from the GSC and Lau Back-arc Basin is not given in the studies that reported the sulfur data (Jenner & O'Neill, 2012; . Cushman et al. (2004) have modeled $8-11% dry melting of peridotite to reproduce GSC basalts from the same general area as the data compiled in our study. For glasses from the Lau Back-arc Basin, 5% melting of peridotite mantle has been suggested by previous studies to reproduce U-Th series data (Regelous et al., 2008) and incompatible element ratios (e.g. Ba/Nb, Ba/Th; Kent et al., 2002) . Some of the Icelandic basalts in our compilation were estimated to be the product of 10-25% melting (Momme et al., 2003) and the rest of the basalts from Iceland (Thordarson et al., 2003) are also assumed to be similarly high-degree melts, based on previous estimates for compositionally similar Icelandic basalts (Shorttle & Maclennan, 2011) . In summary, F for the GSC, Lau Back-arc Basin, Samoa, Loihi and Iceland is assumed to be of the order of 9% (Cushman et al., 2004) , 5% (Regelous et al., 2008) , 1% (Workman et al., 2004) , 4% (Norman et al., 2002) , and 20% (Momme et al., 2003; Shorttle & Maclennan, 2011) , respectively. After correcting the melt-mantle equilibration temperatures to the solid adiabat, the mantle potential temperatures were estimated using an adiabatic gradient of 10 C GPa À1 (Langmuir et al., 1992) . The estimated range of mantle potential temperatures required to generate these OIB is $1400-1450 C for the GSC and Lau Backarc Basin, $1500-1600 C for Samoa, $1500 C for Loihi and 1450-1550 C for Iceland. In addition, using the same melt compositions with high Mg# from each island, mantle potential temperatures were also estimated using PRIMELT3 (Herzberg & Asimow, 2015) , which agree with the first approach within error (6 42 C). Considering these estimated mantle potential temperatures, and those from previous independent studies (Watson & McKenzie, 1991; Putirka, 2005; Shorttle et al., 2014) , potential temperatures of 1450, 1450-1550, 1550, 1450-1550, and 1650 C are used to model the S and Cu systematics for the GSC, Lau Basin, Samoa, Iceland, and Loihi, respectively.
Choice of SCSS model
Calculation of SCSS for melt compositions along a given melting adiabat is essential in our modeling, thus, the choice of SCSS parameterization is critical. The most appropriate SCSS model is that which is calibrated with experiments at appropriate range of pressure, temperature, silicate melt and sulfide melt compositions relevant for OIB source melting. Although most SCSS calibrations were done with FeS melt being the equilibrium sulfide phase, peridotite-hosted monosulfide solid solution (Mss) inclusions span a large compositional range of up to 10-30 wt % Ni, whereas eclogitic and pyroxenite-hosted Mss contains 10 wt % Ni (e.g. Szabó & Bodnar, 1995; Guo et al., 1999; Harvey et al., 2016; Lorand & Luguet, 2016) . Therefore, the SCSS model of choice should be able to account for the lowered activity of FeS in the sulfide melt owing to the presence of Ni. Our previous study (Ding & Dasgupta, 2017) has quantitatively compared the existing empirical SCSS models (Mavrogenes & O'Neill, 1999; Li & Ripley, 2005 Liu et al., 2007; Ariskin et al., 2013; Fortin et al., 2015) in the framework of decompression melting of MORB-source mantle. It was suggested that the SCSS model of Fortin et al. (2015) reproduced SCSS in the silicate melt in equilibrium with FeS sulfide the best, and fairly well reproduced SCSS in the silicate melt that is equilibrated with Fe-Ni-Cu sulfide within the P-T range of MORB generation. However, Fortin et al. (2015) did not quantify the effect of dissolved Ni or Cu in the equilibrium sulfide melt. Using previous studies on Ni and Cu partitioning between silicate and sulfide melt, Ding & Dasgupta (2017) also showed that the relative difference between the measured S in these experiments and SCSS predicted by Fortin et al. (2015) increases as Ni concentration increases (Ding & Dasgupta, 2017, Fig. 5b) . This observation provides the possibility of correcting the Ni effect on the SCSS of silicate melts; that is, that the relative difference increases as a function of increasing Ni content. Based on this observation, Ding et al. (2018) not only proposed a new Ni-free SCSS parameterization, covering the pressure and temperature range of 0Á0001-5Á5 GPa and 1200-1800 C, but also quantified the lowering of SCSS owing to the presence of Ni in sulfide, which applies to the pressure and temperature range of 0Á0001-3 GPa and 1175-1400 C [further details have been given by Ding & Dasgupta (2017) and Ding et al. (2018) ]. In addition, there are two further experimental studies that included Ni 6 Cu effects in their SCSS models. As discussed by Ding & Dasgupta (2017) , COMAGMAT from Ariskin et al. (2013) was able to reproduce SCSS in the silicate melt in equilibrium with Ni-bearing sulfide (Ding & Dasgupta, 2017) mostly to within 20%; however, in the study by Ariskin et al. (2013) the Ni-bearing SCSS model is calibrated up to only 1Á4 GPa, and it is uncertain whether it can be applied to pressures and temperatures up to 5 GPa and 1700 C that may be relevant to generation of certain OIB. The SCSS model developed by Smythe et al. (2017) covers a wide range of pressures (1 bar-24 GPa), temperatures (1150-2160 C), FeO content of the silicate melt (0Á3-40Á1 wt %), and sulfide composition (in the FeS-NiS-CuS 0Á5 system). Ding et al. (2018) have shown that the quantified Ni effect on lowering the SCSS using the empirical correction [Ding et al., 2018, equation (11) ] is similar to that from Smythe et al. (2017) within its calibration range. To check whether the model of Smythe et al. (2017) and that of Ding et al. (2018) produce similar SCSS values for peridotite partial melts at the conditions of OIB generation, in Fig. 3 we compare the predicted SCSS of the two models along a melting adiabat of T P ¼ 1450 C. Figure 3 shows that using 20 wt % Ni in the equilibrium sulfide in the model of Ding et al. (2018) and 20 wt % Ni þ 5 wt % Cu in the sulfide for the model of Smythe et al. (2017) , the Ding et al. (2018) model prediction is 10-15% higher. Figure 4 displays the comparisons of evolution of sulfur in the peridotite partial melt as a function of degree of melting yielded by the SCSS models of Ding et al. (2018) (Fig. 4a) , Smythe et al. (2017) (Fig. 4b) , Fortin et al. (2015) (Fig. 4c) , and Ariskin et al. (2013) (Fig. 4d) range of Ni contents in the peridotite-hosted sulfide. At a given mantle potential temperature of 1450 C, SCSS from Ding et al. (2018) is the highest, and SCSS from Ariskin et al. (2013) is the lowest. Modeled SCSS from Smythe et al. (2017) and Fortin et al. (2015) plot between the results from Ding et al. (2018) and Ariskin et al. (2013) . Differences among the predicted SCSS by Ding et al. (2018) , Fortin et al. (2015) and Smythe et al. (2017) and are the smallest at T P ¼ 1450 C (within 15% difference) and increase with mantle potential temperature. This might be due to the different treatments of temperature and pressure effects in each SCSS model (Table 2). As described above, the calibrated pressure range for the Ariskin et al. (2013) model is not relevant to OIB generation. Therefore, among the other three models, the SCSS model of Smythe et al. (2017) yields the lowest values and thus is the most conservative in terms of consuming sulfide during melting; the application of the Ding et al. (2018) model results in sulfide exhaustion at even lower extents of melting. In addition, at T P ¼ 1550 and 1650 C, the pressure and temperature of the melting adiabat exceed the calibration range of the empirical correction of the Ni effect from Ding et al. (2018) , which could also have contributed to the increasing differences in predicted SCSS as T P increases. Last but not least, previous studies have considered that the source of some OIB appears to be more hydrous (300-1000 ppm H 2 O; e.g. Dixon, 1997; Dixon & Clague, 2001; Aubaud et al., 2006) , which is suggested to positively affect the SCSS in the melt (Fortin et al., 2015) . Therefore, the SCSS model of choice should also allow estimation of the effects of trace to weight per cent water on SCSS. Among all the SCSS models discussed above, only Fortin et al. (2015) and Smythe et al. Degree of melting (F) Ariskin et al. (2013) . In all the SCSS calculations, the silicate melt is in equilibrium with sulfide containing 20 wt % Ni, which is an intermediate value in the range of Ni contents (10-30 wt %) in peridotitehosted sulfide reported in previous studies (e.g. Szabó & Bodnar, 1995; Guo et al., 1999; Harvey et al., 2016; Lorand & Luguet, 2016) , and 5 wt % Cu. SCSS from Fortin et al. (2015) is corrected to be in equilibrium with sulfide with 20 wt % Ni using the regression from Ding et al. (2018) . In all four panels, the dashed curves represent S content changes after sulfide exhaustion by melting.
. Numbers next to the dashed curves indicate the initial bulk S abundances (in ppm) in the peridotite mantle. The grey areas are ranges of S contents in OIB with the highest Mg (Fig. 2a, Table 1 ). 
lnðS; ppmÞ ¼ 11Á35251 Calculating S and Cu in melt and residue during decompression melting
With increasing melt fraction, the partial melting of a sulfide-bearing peridotite mantle produces sulfidebearing peridotite residues with diminishing proportions of sulfide and sulfide-saturated accumulated melt. This continues until the sulfide in the mantle is entirely consumed by partial melting. Therefore, for a low extent of melting, at a given melt fraction (F) and initial S content in the mantle source (C S 0 ), the S content in the melt (C S melt ) is the same as the SCSS. Thus, S concentration in the residue (C S residue ) can be calculated from the equation
The mass fraction of sulfide in the mantle residue (X sulfide ) is
where C S sulfide is the S concentration in the sulfide. Here, we also assume that S does not partition into silicate minerals when sulfide is present in the mantle residue, although certainly some finite fraction of S would be stored in nominally sulfur-free silicate minerals. With given Ni and Cu contents in the sulfide and a known FeO concentration in the coexisting silicate melt, the sulfide composition (Fe, Ni, Cu, O, and S) can be calculated following the method of Kiseeva & Wood (2015) . In our model, we simplified the O content calculation by using only the Ni concentration in the sulfide and the averaged FeO content in the melt along the melting adiabat at each mantle potential temperature. Thus, we assume that for a given mantle potential temperature and Ni concentration in the sulfide, the sulfide composition remains constant along the melting adiabat. However, sulfide composition changes between mantle potential temperatures.
If X sulfide > 0, C S melt ¼ SCSS; otherwise C S melt can be calculated from the equation
where D peridotite=melt S is the bulk partition coefficient of S between sulfide-free mantle peridotite and silicate melt, and can be calculated using
Þ; X mineral , which represents the proportion of each silicate mineral in the residual mantle, is parameterized following the method described above and given in Supplementary Data Fig. S5 .
Partition coefficients of S between olivine, orthopyroxene, and clinopyroxene, and silicate melt, D mineral=melt S , are from Callegaro & Marzoli (2015) and are listed in the caption of Fig. 4 .
When sulfide is present in the peridotite mantle, Cu contents in partial melts depend on the proportions of silicate minerals and sulfide in the residual mantle, and partition coefficients for Cu between minerals and silicate melt [equation (5)]. After complete consumption of sulfide from the residue, the Cu contents in the partial melts depend mainly on the source Cu content and F. The Cu concentration in the melt (C Cu melt ) was also calculated using equation (4) is the bulk partition coefficient of Cu between residual mantle peridotite and silicate melt and can be calculated using the equation
X mineral is the mass fraction of silicate minerals, and X sulfide is the mass fraction of sulfide from equation (3). varies between 0Á10 and 0Á35. Therefore, the difference in Cu concentration calculated using equation (4) by batch melting and that by accumulated fractional melting is small compared with the range of reference Cu defined by high-Mg# OIB (Supplementary Data Fig. S6 ). C Cu 0 of 24 ppm from Wang & Becker (2015) is used in the calculation.
MODEL RESULTS FOR THE S AND CU CONTENTS OF MELTS DURING ADIABATIC DECOMPRESSION MELTING OF PERIDOTITE AT VARIOUS T P S as S 2-in peridotite partial melts
At a certain mantle potential temperature, with a known pressure, temperature, and aggregated melt composition at a given degree of melting, the sulfur content at sulfide saturation (SCSS) can be calculated at each melting step using any existing SCSS model. In these SCSS models, S in silicate melt exists almost entirely as S 2-. Figure 5 displays the modeling results based on the SCSS model from Smythe et al. (2017) at two different hotter than ambient mantle potential temperatures with 10 ( Fig. 5a and b) , 20 ( Fig. 5c and d) and 30 wt % Ni (Fig. 5e and f) and 5 wt % Cu in the sulfide. Modeling results at 1350 C, applicable for MORB, are also plotted for comparison. In Fig. 5a , c and e, the net change of SCSS with increasing degree of melting is controlled by the decreasing temperature and pressure, and decreasing FeO* in the melt. Before residual sulfide is exhausted, the S content in the melt is equal to SCSS. Once sulfide melt is consumed, the S concentration of the silicate partial melt becomes diluted, because more melt is produced with continuous upwelling above the volatile-free peridotite solidus. Change of SCSS at different mantle potential temperatures as the Ni content of the equilibrium sulfide increases is shown in Fig. 6 . As the Ni content in the sulfide increases from 0 to 30 wt %, at a given mantle potential temperature, for example, at T P ¼ 1450 C, the SCSS at 5 wt % melting decreases from $1600 ppm to $900 ppm. Figure 6 shows that the SCSS at T P ¼ 1450 C intersects with the S contents of most of the primitive OIB if the Ni contents of mantle sulfides are !14 wt % for S contents of 1200 ppm and Ni ! 26 wt % for S contents of 1000 ppm. This implies that relatively cold OIB source mantle (T P 1450 C) could remain sulfide-saturated, while producing S contents similar to those observed in the majority of primitive OIB if the equilibrium sulfide is enriched in Ni (>26 wt %). SCSS at T P ¼ 1550 C and T P ¼ 1650 C stays distinctly higher, however, than the sulfur contents of the majority of primitive OIB if the sulfide contains 25 wt % Ni. Intersections of the SCSS at T P ¼ 1550 C and T P ¼ 1650 C with the fine dashed lines in Fig. 6 imply that one of the possibilities to explain the observed distinctively high S contents (!1600 ppm) in primitive, low-degree partial melts of hot mantle could be equilibrium with sulfide-saturated peridotite mantle with !10 wt % Ni in the sulfide at relatively oxidized conditions. Because most peridotite-hosted sulfides contain 10-30 wt % Ni and 0-10 wt % Cu (e.g. Szabó & Bodnar, 1995; Guo et al., 1999; Harvey et al., 2016; Lorand & Luguet, 2016) , our subsequent calculations using the Smythe et al. (2017) model are chiefly based on a sulfide composition with 20 wt % Ni and 5 wt % Cu. However, as shown in Figs 5 and 6, SCSS could be 200-400 ppm higher or lower depending on the Ni content of the sulfide. Furthermore, the oxygen, iron, and sulfur contents of sulfides also depend on the FeO content in the melt (Kiseeva & Wood, 2015) , and thus depend on mantle potential temperature.
At a given sulfide melt composition and mantle potential temperature, the higher the S content of the peridotite source, the higher the melting degree necessary to consume sulfide. For example, at T P ¼ 1450 C, assuming that partial melt is in equilibrium with sulfide melt with 20 wt % Ni and 5 wt % Cu, the F required to consume sulfide with equivalent S contents of 50-200 ppm in the peridotite mantle increases from $4Á4 to 18Á1 wt % (Fig. 7a) . In addition, Figs 5a, c, e and 6 indicate that a hotter mantle yields higher SCSS. This is because higher mantle potential temperature stabilizes melt with higher FeO* and lower SiO 2 and Al 2 O 3 concentrations, all of which enhance SCSS. For example, Fig. 5a shows that at F <5 wt %, SCSS at T P ¼ 1650 C is between 2080 and 2050 ppm, whereas at T P ¼ 1450 C it is around 1350 ppm. For the same reason, SCSS at T P ¼ 1350 C for MORB is generally lower than for OIB. As a result, for a given concentration of S (as sulfide) in the peridotite mantle, the degree of melting at which sulfide will be consumed from the mantle residue is related to mantle potential temperature. The interplay between mantle potential temperature, the degree of melting, and the amount of S in the peridotite source is demonstrated in Fig. 7a . For example, based on the SCSS model of Smythe et al. (2017) , F required to consume sulfide for 150 ppm bulk S increases from $9Á1 to 16Á2 wt % for a T P drop from 1650 to 1350 C. If the depth of onset of melting is too shallow (<2 GPa), however, the negative effect of pressure on SCSS may dominate over the temperature effect; thus, a cooler but shallower melt has a higher SCSS than a hotter, more FeO*-rich melt generated at a greater depth, which could be the reason why SCSS at T P ¼ 1350 C is very close to that at T P ¼ 1450 C (Fig. 5) . Based on the modeling results, Fig. 7b exhibits the maximum amounts of S present in peridotite mantle when sulfide is consumed by 1-5% and 10% melting. On the one hand, at a given mantle potential temperature, mantle that undergoes a higher degree of melting can contain more S, as sulfide, and yet still produce sulfide-undersaturated melt. On the other hand, at a given degree of melting by which sulfide is exhausted, higher sulfide abundance is permissible for a hotter mantle (Fig. 7b) . Further, it is noteworthy that regardless of mantle potential temperature, consumption of sulfide at an extremely low degree of melting (1-2%, Fig. 7b ) requires that S present in the peridotite mantle, as sulfide, is 35 ppm. This interplay between mantle potential temperature and SCSS appears to be similar if the models from Ariskin et al. (2013) , Fortin et al. (2015) or Ding et al. (2018) are applied.
The role of dissolved H 2 O in OIB source partial melts in influencing SCSS
In the preceding section, the parental OIB melts were assumed to be anhydrous. However, low-degree mantle melts may be hydrous and dissolved water may affect the SCSS of silicate melts (e.g. Fortin et al., 2015) . In particular, OIB source mantle has been argued to be more H 2 O-rich than MORB source mantle, with H 2 O contents in the range 350-1000 ppm (e.g. Dixon, 1997; Dixon & Clague, 2001; Aubaud et al., 2006 C (yellow), and 1650 C (red), whereas the dashed curve segments indicate dilution of S concentration with increasing degree of melting after consumption of sulfides by partial melting. T P ¼ 1450-1650 C represents the range of mantle potential temperatures considered appropriate for OIB, whereas T P ¼ 1350 C represents mantle potential temperature for MORB for comparison. Numbers next to the dashed curves indicate the initial S contents (in ppm) in the peridotitic mantle. In (b), (d) and (f) variation in the Cu contents of peridotite partial melts are plotted as a function of degree of melting for different mantle potential temperatures, for source S and Cu contents of 50-300 ppm and 24 ppm, respectively. In both groups of panels, the grey areas are S and Cu contents in OIB with highest Mg# (Table 1). peridotite and basalt, D peridotite=basalt H2O of 0Á01, that is relevant for basalt generation conditions at the base of the lithosphere (O' Leary et al., 2010; Dasgupta, 2018) , a 5% partial melt would contain 0Á6-1Á7 wt % H 2 O. To show the effect of dissolved H 2 O on SCSS, in Fig. 6 we also plot the SCSS of partial melt containing 2 wt % H 2 O at T P ¼ 1450 C using the model of Smythe et al. (2017) . Figure 6 shows that up to 2 wt % H 2 O results in only 30 ppm difference from the anhydrous SCSS according to the model of Smythe et al. (2017) . The model of Fortin et al. (2015) , which was chosen to explicitly constrain the effect of dissolved H 2 O on SCSS, suggests elevation of SCSS by $8% for 2 wt % H 2 O in the melt. Hence a moderate concentration of water in low-degree OIB probably has a small effect on SCSS. SCSS is even slightly elevated in the presence of H 2 O, thereby making the difference between SCSS and the observed S contents of primitive OIB even greater. We note in passing that an extremely low-degree melt, such as <1% partial melt, is also likely to be rich in other key volatiles such as CO 2 (e.g. Dasgupta et al., 2013; Dasgupta, 2018) . The effects of high amounts of dissolved CO 2 on the SCSS of silicate partial melts are unconstrained at present.
The effects of dissolved S 61 on the SCSS of OIB parental melts
The oxygen fugacity of the mantle source can also have an important effect on the SCSS of partial melts. However, the oxygen fugacity for mantle domains away from subduction zones is thought to be mostly low enough such that dissolved sulfur in silicate melts is almost entirely S 2-(e.g. Wilke et al., 2011 ). Yet, for at least some OIB, such as those from Samoa and Hawaii (Mauna Kea), the presence of dissolved S 6þ in basaltic glasses has been reported (Labidi et al., 2015; Brounce et al., 2017) , because SCSS can be elevated near the sulfide-sulfate saturation transition, when both S 6þ and S 2-species are dissolved in the melt. For a given S 6þ / P S, an increase of SCSS owing to the presence of oxidized S can be calculated by the empirical method of Jugo et al. (2010) . On average, 17 6 11% S 6þ was reported to be present in Samoan glasses (Labidi et al., 2015) , and up to 8% S 6þ in Mauna Kea glasses (Brounce et al., 2017) . Thus, Fig. 6 also shows the change of SCSS expected for 17% and 8% S 6þ in partial melts at T P ¼ 1550 C and T P ¼ 1650 C, respectively. S C S S ( w it h 1 7 % S 6 + / ∑ S ) S C S S ( w it h 8 % S 6 + / ∑ S ) T P = 1 6 5 0°C , F = 5 % T P = 1 5 5 0°C , F = 5 % T P = 1 4 5 0°C , 2 w t. % w a te r Fig. 6 . The effects of equilibrium sulfide composition, dissolved water, and S 6þ in silicate partial melts on the SCSS of peridotite partial melts. SCSS of partial melts with and without the effects of dissolved S 6þ and H 2 O are shown using dashed and thick continuous lines, respectively. All SCSS, calculated at 5% melting at T P ¼ 1450 C (black), T P ¼ 1550 C (yellow-orange) and T P ¼ 1650 C (red), decrease as the Ni contents in the equilibrium sulfide increase from 0 to 30 wt %. The dark grey area indicates the range of S contents in OIB with high Mg#, where the darker grey area represents the highest frequency of the S concentration (800-1000 ppm) whereas the grey-white area, the orange and red thin dashed lines represent a few outliers above 1000 ppm S from Samoa and Loihi. Thick black dashed line represents the SCSS of partial melts with 2 wt % H 2 O at T P ¼ 1450 C, calculated using the SCSS model of Smythe et al. (2017) . Thick orange and red dashed lines represent the SCSS of partial melts with 17 and 8 wt % S 6þ / P S in the partial melt at T P ¼ 1550 C and T P ¼ 1650 C, respectively. SCSS with the proportions of S 6þ was calculated using the empirical method of Jugo et al. (2010) . C. In contrast, to produce sulfide-undersaturated primitive melts, colder mantle needs either higher degrees of melting or less S in the mantle. (b) S contents that a peridotite mantle may contain for sulfide to be consumed by 1, 2, 3, 4, 5, and 10 wt % melting increase as mantle potential temperature increases. In (a) and (b), the results are calculated using the SCSS model of Smythe et al. (2017) with 20 wt % Ni and 5 wt % Cu in the equilibrium sulfide melt. 500 ppm higher than the primitive OIB sulfur contents. If the oxygen fugacity is even higher, but still within the sulfide stability field (log fO 2 $ FMQ þ 1 to FMQ þ 2), as observed in the basanite-nephelinite suite from early Kilauea (Sisson et al., 2009) , SCSS could be up to 1 wt % (Jugo et al., 2010) . Indeed, Mungall et al. (2006) and Botcharnikov et al. (2013) have shown that a given fraction of sulfide in the mantle can be consumed at a lower degree of melting in more oxidized mantle. Therefore, OIB mantle sources with higher oxygen fugacity are more likely to produce sulfide-undersaturated partial melts by low-degree melting.
Cu contents of OIB source partial melts
For each sulfide composition, the Cu concentration in the partial melts as a function of melting degree is also tracked as an additional constraint on the amount of sulfide in the mantle, which is displayed in Fig. 5b, d and f. Our calculation shows that the bulk partition coefficient of Cu between peridotite residue and melt, D peridotite=melt Cu
, is always <1, in both the presence and the absence of residual sulfide. Therefore, Cu is enriched in the melt compared with the residue. For extremely lowdegree melting (F $ 0%) with the same initial sulfide in the mantle, melt derived from hotter mantle (e.g. Once the system becomes sulfide-undersaturated, Cu behaves as a strongly incompatible element. The Cu content after sulfide consumption depends on the initial Cu in the mantle, partitioning of Cu between silicate minerals and melt, and the degree of melting. Covariation of initial Cu and S in the peridotite mantle, and different Cu partition coefficients between silicate minerals and melt from experimental studies and those suggested by analyses of natural samples (e.g. Lee et al., 2012) , can also affect the modeling results. Their potential effects on S budgets have been discussed by Ding & Dasgupta (2017) and it was demonstrated that these variations would not change the overall conclusion about the extent of melting necessary to match the Cu abundance in primitive OIB.
DISCUSSION S and Cu contents in the peridotite source of OIB
To investigate whether the S and Cu contents of highMg# OIB can be reproduced by our model at the potential temperatures and degrees of melting expected for various OIB, here we compare model results with the reference S and Cu contents of primitive basalts from different ocean islands. Figure 8a is a schematic representation of the modeled S-Cu covariation during peridotite partial melting using the SCSS model of Smythe et al. (2017) . Figure 8b shows the results for T P ¼ 1450 C, with different initial S abundances in the peridotite source and degrees of melting up to 20%; these calculations are applicable to basalts from the Galapagos, Iceland and the Lau Basin. Reference S and Cu contents of basalts with the highest Mg# (Table 1) from the GSC (900-1000 ppm S, 73-118 ppm Cu), Lau Basin (800-1000 ppm S, 102-194 ppm Cu) and Iceland ($700 ppm S, 74-115 ppm Cu) are indicated in Fig. 8b . It can be seen that 100-150 ppm S is required in the peridotite mantle to produce S and Cu contents matching the reference values of Icelandic basalts at 10-20% melting, which agrees well with independent estimates of melting degree for Icelandic basalts (Momme et al., 2003; Shorttle & Maclennan, 2011) . In contrast, our model results can reproduce the reference Cu and S contents of primitive GSC magmas only by more than 8-20% melting, which is similar to or higher than independent petrological estimates of 8-11% melting (Cushman et al., 2004) . The majority of the S and Cu contents in the Lau Basin basalts can be reproduced by 5-12% partial melting of peridotite mantle with <150 ppm S; however, the >5-12% degree of melting required by our model is slightly to significantly higher than the estimated 5% melting from previous studies (Kent et al., 2002; Regelous et al., 2008) . The same issue is encountered in attempting to reproduce S contents and Cu lower than 100 ppm in glasses from the Lau Basin (Fig. 7c) at mantle potential temperature of 1550
C. Figure 7c also shows that 50-150 ppm initial S present in the peridotite source can reproduce both the S and Cu contents of the Icelandic basalts by 10-20% melting. Less than 1% melting of peridotite mantle with 150-300 ppm S can reproduce the Cu contents of Samoan basalts; however, modeled S contents are 300 ppm higher than the reference S contents (SCSS would be even higher if one considers 17% S 6þ in the melt; Labidi et al., 2015; Fig. 6) . Figure 7d exhibits modeling results at 1650 C, which matches the estimated T P for basalts from Loihi. The estimated degree of melting of Loihi basalts is as low as 2-4% peridotite melting, within which this model can reproduce $170 ppm Cu contents with $1700 ppm S, which is much higher than the S contents in the high-Mg# Loihi basalts (1250-1300 ppm; Figs 1c and 2a) . Similarly, SCSS would be higher if we consider as much as 8% S 6þ in the melt, similar to values measured in Mauna Kea glasses (Brounce et al., 2017) . In summary, our model results in Fig. 7 suggest that partial melting of peridotite mantle alone can reproduce measured S and Cu values in highdegree melts (10-25%) from Iceland by exhausting sulfide equivalent to 50-150 ppm S in the source at T P ¼ 1450-1550 C. Partial melting of peridotite alone can satisfy the S and Cu contents of basalts from Galapagos, Lau Basin, Samoa and Loihi by consuming 50-150 ppm S if the degree of melting from each island is higher than the estimates from previous studies. Otherwise, the reference S and Cu contents of basalts from Galapagos, Lau Basin, Samoa and Loihi cannot be reproduced simultaneously by our model by low-degree melting (<1-10%) of fertile peridotite.
Contributions from recycled crust or sediment in the OIB source?
Comparison of the model results, at a broad range of mantle potential temperature (1450-1650 C), and with initial S contents ranging from 50 to 300 ppm, with the reference S and Cu of basalts from the Galapagos, Lau Basin, Samoa, and Loihi indicates that low-degree melting (<1-10%) of peridotite cannot explain the S-Cu systematics simultaneously. One possible explanation may be S and Cu contributions from non-peridotitic sources.
Geochemical and petrological arguments favoring the presence of recycled crust or sediments in the mantle source have been widely discussed for many ocean C and 1550 C, respectively. However, none of our model results of peridotite partial melting can satisfy both the S and Cu contents in low-degree melts (<10%) from the Lau Basin (box with small circles) and Galapagos (box with stippled pattern), Samoa (box with horizontal stripes) and Loihi (solid grey box). The SCSS model used here is from Smythe et al. (2017) with 20 wt % Ni and 5 wt % Cu in the equilibrium sulfide melt. In (b)-(d) different continuous curves represent the S and Cu concentrations along the melting path with different initial S abundances, from 50 to 300 ppm, in the mantle, which are marked by the numbers next to the curves. Dashed contours intersecting with the continuous curves in each panel represent different degree of melting, which are marked by the italic numbers next to the dashed curves.
islands and provinces including the Galapagos, Lau Basin, Iceland, Hawaii and Samoa. These arguments have been made using long-lived radiogenic isotopes (e.g. Hofmann, 1997; Regelous et al., 2008) , trace element and major element systematics and their relations with radiogenic isotopes (e.g. Hauri, 1996; Jackson et al., 2007; Jackson & Dasgupta, 2008; Shorttle & Maclennan, 2011; Mallik & Dasgupta, 2014; Garapi c et al., 2015) , as well as the minor element chemistry of olivines, and first row transition elements (e.g. Sobolev et al., 2005 Sobolev et al., , 2007 Le Roux et al., 2011; Trela et al., 2015) , and numerical models (e.g. Farnetani & Hofmann, 2010; Ballmer et al., 2013) . In the following, we evaluate whether potential contributions from non-peridotite lithologies can help reconcile the S and Cu systematics of OIB in the light of recent experimental constraints that sulfide hosted in subducting crust may recycle to the deep mantle in significant fractions (Jé go & Dasgupta, 2013 .
To investigate the effects of contributions from recycled crust and metapelitic sediment melts on the S and Cu budgets of OIB, first, we calculate the SCSS of compositionally distinct partial melts derived from a typical MORB eclogite (Pertermann & Hirschmann, 2003) and a bimineralic eclogite (Kogiso & Hirschmann, 2006) , as well as the SCSS of low-degree partial melts from a nominally anhydrous metapelitic composition representative of terrigenous sediments currently being subducted at plate margins (Spandler et al., 2010) . We employ the SCSS model from Smythe et al. (2017) and assume that sulfide in equilibrium with peridotite partial melt contains 20 wt % Ni and 5 wt % Cu, and that sulfide in equilibrium with eclogite and sediment contains 10 wt % Ni and 5 wt % Cu, which is suggested to be the higher bound of Ni and Cu reported from eclogite/ pyroxenite-hosted sulfides (e.g. Lorand & Luguet, 2016) . Figure 9a demonstrates that along the P-T path defined by the melting adiabat of peridotite at a T P of 1650 C, the SCSS of partial melts of MORB-like eclogite (F $8Á6 wt % and 36Á4 wt %, respectively) and the SCSS of sediment partial melts are slightly to significantly lower than the SCSS of peridotite partial melts because andesitic MORB eclogite-derived partial melts and dacitic metapelite-derived partial melts are generally lower in FeO* and richer in SiO 2 and Al 2 O 3 . As a result, it is unlikely that even moderate to high-degree melting of these lithologies would consume residual sulfide. The S concentration change in peridotitic partial melts after sulfide exhaustion (with 50 and 150 ppm initial S) is also plotted in Fig. 9a , which shows that at low degrees of melting (F$3-5%), sulfide-undersaturated peridotitic melts can contain 800-1000 ppm S up to , and sedimentderived melt (black dashed line) at T P ¼ 1650 C indicate that the SCSS of peridotitic melt is $400 ppm higher than that of MORB eclogite-derived melt and significantly higher than that of the sediment-derived partial melts; however, it is 800 ppm lower than the SCSS of partial melts of FeO*-enriched bimineralic eclogite. Light grey dashed curves represent S concentration change in the peridotitic partial melts after sulfide exhaustion in the peridotite source, containing 50 and 150 ppm initial S, respectively. (b) Cu concentrations in low-F MORB eclogite partial melt (blue continuous lines), high-F MORB-like eclogite partial melt (red continuous lines), and sedimentderived melt (black dashed line) at T P ¼ 1650 C indicate that when the initial sulfide mode in the recycled lithologies is high (4000-5000 ppm S), the Cu concentration in the partial melts is generally low owing to the abundant presence of sulfide in the residue. The brown band shows the potential variation of Cu concentration in the eclogite partial melts if the initial Cu in the eclogite varies between 50 and 85 ppm. When the initial sulfur content is relatively low (600 ppm), the Cu concentration in the partial melts varies depending on lithology, and thus depending on the SCSS of the partial melts, and degree of melting of the protoliths. Six hundred ppm S in the high-F melting MORB eclogite and bimineralic eclogite partial melts can be consumed by high-degree partial melting owing to their high SCSS, thus Cu contents in these partial melts are high (>200 ppm). Six hundred ppm S is not consumed during low-degree partial melting of MORB eclogite; however, a relatively small mode of sulfide remained in the MORB-eclogite residue; thus, Cu content in the low-F MORB eclogite partial melt is relatively high ($200 ppm). Given the lower S contents of MORB-eclogite and metapelitic partial melts at sulfide saturation, contributions from these lithologies with high initial S contents (4000-5000 ppm) are a potential way to explain the sulfur content of OIB derived otherwise from a largely peridotitic mantle.
relatively high S concentrations, depending on the initial S in the mantle. Thus, mixing of low-degree peridotitic partial melts from relatively S-depleted peridotite mantle with partial melts of eclogite or metapelite with low SCSS could lower the S contents in the mixed melts. In contrast, the SCSS of partial melts derived from a bimineralic eclogite appears to be even higher than that of peridotite partial melt, mostly owing to their silica-undersaturated and FeO*-rich composition (FeO* ¼ 12Á5 wt %). Therefore, mixing of silica-poor, alkalic partial melts from bimineralic or silica-deficient eclogite cannot lower the sulfur content of mantlederived melts. Given that recycling of MORB-crust probably provides the most substantial mass flux of basaltic composition to the mantle (e.g. Reymer & Schubert, 1984) and because MORB-eclogite and peridotite assemblages can sufficiently explain the major element compositions of the full range of OIB (Mallik & Dasgupta, 2012 , we mainly consider MORB-like eclogite as the mafic source lithology for sulfur modeling in primitive OIB.
To provide an additional constraint on the effect of mixing with partial melts from recycled lithologies, we also calculated the Cu contents of eclogite and sediment partial melts, which are controlled by the initial Cu concentration in the recycled crustal lithologies, modes of residual silicate minerals and S-bearing phases (sulfide and/or sulfate). Both sulfide and sulfate are present in modern oceanic crust, although the abundance of sulfide far exceeds the abundance of sulfate (e.g. Alt, 1995; Alt & Shanks, 2011) . Considering oceanic crust being subducted in modern subduction zones, Tomkins & Evans (2015) proposed that all, or nearly all, of the anhydrite in the oceanic crust would be dissolved in the metamorphic fluids generated at the blueschist-eclogite transition. However, it has also been suggested, by previous studies on trace elements and isotopes, that the recycled lithologies present in the mantle source region beneath the Galapagos, Hawaii, Iceland and Samoa are relatively old (e.g. Jackson et al., 2009 Jackson et al., , 2014 , in which case any sulfur present in the recycled crust should mostly be in the form of sulfides (Tomkins & Evans, 2015) . Therefore, in the following calculation, only sulfide is considered in the eclogites and sediments. The next question would be what the initial sulfide abundance is in crustal lithologies prior to the onset of melting and after potential modification by subduction. Although the fate of sulfide during subduction of various crustal lithologies will require more systematic studies, previous experimental studies have demonstrated that even if the slab surface temperature was as high as 1000 C, at sub-arc depths, fluid-present melting of basaltic crust will leave as much as 40-50% of the initial S (Jé go . Assuming the ancient slab was indeed hot enough, we considered two extreme values of initial S content in the eclogites. On the one hand, if the initial S in the slab is as high as that in the alteration haloes described by Alt & Shanks (2011) (i.e. as much as 1 wt %), 4000 ppm S is left in the eclogites with 60% recycled back to the mantle wedge by fluids 6 slab melts. On the other hand, if the initial slab bulk S is as low as 1500 ppm (i.e. the average S concentration in MORB), 600 ppm S can be present in the eclogite residue after the subduction filter. Because D fluid=melt S decreases as temperature decreases (Jé go & Dasgupta, 2014) , 4000 ppm and 600 ppm are the lower bounds of S that remains in the eclogite for their respective initial sulfur. proposed that there is no slab input of base metals (e.g. Cu, Ag, Au) to the mantle wedge; therefore, in both cases, eclogite is assumed to contain 70 ppm Cu, which is the average MORB Cu content (Jenner & O'Neill, 2012) . Following the data from partial melting experiments (Pertermann & Hirschmann, 2003; Kogiso & Hirschmann, 2006) , 14Á6 wt % garnet þ 84Á1 wt % clinopyroxene þ 1Á3 wt % quartz and 15Á5 wt % garnet þ 84Á5 wt % clinopyroxene in low-and high-degree MORB eclogite melting residues, respectively, and 46 wt % garnet þ 54 wt % clinopyroxene in high-degree bimineralic eclogite melting residues, are used in the calculation. If as much as 4000 ppm S is present in the eclogites, despite the different SCSS derived from MORB and bimineralic eclogites, both eclogites would remain sulfide-saturated through partial melting owing to their high initial S; as a result, Cu contents in the partial melts derived from both eclogites will be <40 ppm (thin lines in Fig. 9b ). If there is only 600 ppm S present in the source eclogites, however, survival of sulfide melt in the eclogite residue may vary depending on the bulk composition. On one hand, the residue of MORBlike eclogite would still remain sulfide-saturated owing to the low SCSS of its partial melts, but with a high abundance of residual sulfide after low degrees of melting and a low abundance of sulfide after high degrees of melting. Therefore, although with similar S contents equivalent to SCSS, partial melts in equilibrium with higher residual sulfides contain low Cu (<50 ppm, thick blue continuous line in Fig. 9b ), whereas partial melts in equilibrium with low residual sulfides contain high Cu ($200 ppm, thick red continuous line in Fig. 9b ). On the other hand, bimineralic eclogites could become sulfidefree during partial melting given the high SCSS of their partial melts (thick grey dashed line in Fig. 9a ) and if the degree of melting is high (an extreme case of F $28 wt % in our calculation). As a result, partial melts derived from bimineralic eclogite can contain )200 ppm Cu. In summary, from aspects of both S and Cu, owing to the low SCSS and relatively high residual sulfide, mixing with partial melts derived from low-degree melting of MORB eclogites with high sulfide abundances is the most plausible candidate that may provide an effective mechanism to explain the S and Cu contents of OIB, where the extent of peridotite melting is thought to be low based on other geochemical indices. Key considerations such as how much sulfur as sulfide the recycled lithologies may have, the SCSS of the partial melts of recycled lithologies, and the degree of melting of the recycled lithologies, are required to further investigate contributions from other compositionally distinct partial melts with relatively high SCSS.
For sediment partial melting, an assemblage of 29 wt % quartz, 1 wt % kyanite, 5 wt % rutile, 41 wt % Kfeldspar and 24 wt % garnet is used in the calculation (Spandler et al., 2010) . The initial S content in the sediment is taken to be 5000 ppm, calculated from the S/Sr ratio in a Samoan lava (Labidi et al., 2013) . The Cu concentration in subduction zone sediments ranges from 30 to 500 ppm (Plank & Langmuir, 1998) . Therefore, 200 ppm, an intermediate Cu content, was assumed for our calculations. Figure 9b also shows that the Cu concentration in the low-degree sediment partial melt is lower than 20 ppm (light grey dashed line) owing to the high mode of sulfide in the sediments and the low SCSS of sediment-derived melt (black dashed line in Fig. 9b) . Therefore, mixing peridotite partial melts with sediment partial melts also has the potential to lower both S and Cu content in primitive OIB.
Next, we conducted melt-melt mixing calculations between partial melts derived from low-degree melting of MORB eclogite and peridotite to (1) quantify the potential contribution of such recycled oceanic crust versus peridotite to the S and Cu budgets in the erupted basalts of various ocean islands and (2) constrain the S abundance in the peridotite source of these OIB. This is a simple mixing model between two types of partial melt without considering the eclogite melt-peridotite interaction that must happen in nature (e.g. Sobolev et al., 2005 Sobolev et al., , 2007 Lambart et al., 2012; Mallik & Dasgupta, 2012 . Based on the SCSS model from Smythe et al. (2017) , the S and Cu concentration of the two end-member partial melts derived from peridotite and MORB-like eclogite are plotted in Fig. 10 and connected by tie lines. Figure 10a indicates that S and Cu in the basalts from the GSC can be reproduced by mixing of 0-50% eclogite-derived melts with 9% peridotite partial melts, and this brackets the 50-100 ppm S present in the peridotite source. Figure 10b shows that, to simultaneously satisfy the S and Cu (<150 ppm) contents in the basalts from the Lau Basin, mixing of 0-40% eclogite-derived melts with 5% peridotite partial melts is required, and this brackets the 50-100 ppm S present in the peridotite source. Some basalts from the Lau Basin have high Cu contents (160-200 ppm), which implies that the peridotite mantle source of Lau Basin basalts may contain more than 24 ppm Cu. Similarly, the S and Cu contents in primitive basalts from Loihi can be reproduced by mixing 5-15% eclogite-derived melt with 4% peridotite partial melt, and this requires 50-100 ppm initial S to be present in the peridotite source (Fig. 10d) . The ranges of S abundance in the peridotite mantle source of the GSC, Lau Basin, and Loihi largely overlap with each other at 50-100 ppm S. This range is relatively more depleted than the lower-end estimate of S abundance in the MORB source (100-200 ppm; Saal et al., 2002; Shimizu et al., 2016; Ding & Dasgupta, 2017) . All the estimated proportions of eclogite-derived melts above are based on the Fig. 11 . Melt-melt mixing calculations applicable to Samoan basalts between 4% melt of sediment and 1% peridotite partial melt. Comparison between the measured S and Cu contents in the Samoan basalts with the highest Mg# (striped box) and the mixing lines indicates that mixing sulfide-saturated peridotite partial melts with 5-20% low-degree partial melts from sediment (F sediment ¼ 4%) can reproduce the majority of the measured S and Cu (>80 ppm) contents in the Samoan basalts. Black filled circles represent the Cu and S contents in the peridotite partial melt end-member and the numbers next to each circle indicate the initial S abundance in the peridotite mantle source. The grey filled circle represents the Cu and S concentration in a 4 wt % sediment partial melt with 5000 ppm S in the source sediment. Black straight continuous lines are mixing lines between peridotite partial melts and eclogite/sediment partial melt end-members, with black dashed curves indicating the proportion of the sediment partial melt. The SCSS model used here is from Smythe et al. (2017) , assuming peridotitehosted sulfide contains 20 wt % Ni and 5 wt % Cu, and sediment-hosted sulfide contains 10 wt % Ni and 5 wt % Cu. Peridotite mantle remains sulfide saturated owing to extremely low-degree melting *C S 0 (eclogite), initial sulfur in the MORB-eclogite source is 4000 ppm; C S 0 (sediment), initial sulfur in the sediment source is 5000 ppm. Smythe et al. (2017) model was used for all the calculations; 20 wt % Ni and 5 wt % Cu are assumed in sulfide melt in equilibrium with peridotite partial melts; 10 wt % Ni and 5 wt % Cu are assumed in the eclogite/sediment-hosted sulfide. † T P is mantle potential temperature and F Pe is degree of peridotite partial melting employed for each island. Estimates of peridotite source melting extent were taken from the following studies: GSC, Cushman et al. (2004) ; Lau Basin, Kent et al. (2002) and Regelous et al. (2008) ; Loihi, Norman et al. (2002) ; Samoa, Workman et al. (2004) . ‡ C S 0 (peridotite), estimated S abundance in peridotite source for each island. § Mixing with >50% MORB-like eclogite partial melt or 5-20% sediment partial melt can satisfy the S and Cu contents in the highMg# Samoan glasses while the mantle peridotite maintains sulfide saturation. Thus, the S contents in the partial melt cannot be used to infer the S abundances in the peridotite mantle source for Samoa. 55-20% represents proportion of partial melt derived from sediment instead of eclogite. assumption that eclogite contains 4000 ppm initial S. If the eclogite starts with much less S (i.e. 600 ppm) the Cu contents in the partial melt from the MORB-eclogite would be too high to explain the Cu contents in OIB (Fig. 9b) . Therefore, mixing of MORB-eclogite partial melts with peridotite partial melts can reproduce reference S and Cu concentration in OIB from the GSC, Lau Basin, Iceland, and Loihi; we note in all these calculations that the peridotite-derived melt end-members are sulfide-undersaturated. Figure 10c indicates that mixing of more than 50% MORB-eclogite partial melt with sulfide-saturated peridotitic partial melt can satisfy the S and Cu contents (< 80 ppm) of some Samoan glasses, which implies either that the peridotite mantle source of Samoan basalts contains more than 24 ppm Cu or that a crustal lithology other than MORB-eclogite contributed to the generation of the Samoan basalts.
Because previous studies on Sr and S isotopes have suggested a recycled continental sediment component in the Samoa mantle Jackson & Dasgupta, 2008; Labidi et al., 2015) , we conducted a similar melt-melt mixing model to evaluate the potential contribution of recycled sediments to the S and Cu contents in Samoan lavas. Figure 11 shows that $5-20% metapelite-derived melt mixing with peridotite partial melt can reproduce the reference S and Cu (>80 ppm) concentrations in some of the high-Mg# Samoan lavas. The calculation also suggests that the peridotite source of the Samoan basalts is sulfidesaturated. Therefore, given the extremely low-degree melting required to produce the Samoan basalts (<1%), the peridotite mantle in our calculation remains sulfidesaturated, and mixing of sulfide-saturated peridotitic melt with >50% of MORB-like eclogite partial melt or 5-20% metapelite-derived melt can satisfy the measured S and Cu contents in the Samoan lavas. However, in this case, the sulfur contents in the peridotite mantle cannot be bracketed by our model.
In Table 3 , we summarized the reference S and Cu contents in high-Mg# OIB from each island, and the potential scenarios required to satisfy their S budgets. Furthermore, Fig. 12 provides a schematic illustration of partial melting and melt-melt mixing in a heterogeneous mantle beneath intraplate ocean islands that can satisfy the S and Cu budget of primary OIB. Table 3 and Fig. 12 show that except for a few rare cases (listed in Table 3 ), for low-F OIB, sulfide in the peridotite mantle is probably low and exhausted by partial melting, whereas subducted eclogites and metapelites, even at high-degree partial melting, remain sulfide-saturated. In this case, primary OIB are products of mixing between sulfide-undersaturated peridotite partial melts and sulfide-saturated eclogite/metapelite partial melts.
CONCLUDING REMARKS
We have modeled the evolution of S and Cu during decompression melting of sulfide-bearing peridotite as a function of T P (1450-1650 C) and S content in the Earth's
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Lithosphere Sulfide sulfide-undersaturated peridotite partial melt magma mixing zone sulfide saturated partial melt from recycled lithologies Fig. 12 . Schematic illustration demonstrating the fate of sulfide in the Earth's mantle beneath intraplate ocean islands that are thought to derive from relatively low extents of mantle melting. Primitive OIB that are less degassed are likely to be mixtures of sulfide-undersaturated partial melts from fertile peridotite (green ambient mantle; light green shading reflects higher temperatures in plume center) and sulfide-saturated partial melts from MORB-eclogites/metapelites (grey ellipses). In this case, the peridotite mantle residue becomes sulfide-undersaturated through partial melting, whereas the MORB-eclogite and metapelite residues remain sulfide-saturated throughout partial melting. The S and Cu systematics of primitive OIB thus suggest that the peridotite sources of OIB may be fairly sulfur depleted, whereas the main host of sulfides in the OIB source is recycled crustal lithologies.
mantle. We combined constraints on mantle partial melt compositions from laboratory experiments and SCSS models, taking into account the effect of Ni and Cu in the equilibrium sulfide melt. The goal was chiefly to understand the sulfur and copper contents of partial melts parental to ocean island basalts potentially generated at excess mantle temperatures. Our model results indicate that SCSS of an OIB peridotite mantle source is generally higher than that of a MORB-peridotite source owing to the higher mantle potential temperatures. Furthermore, within the T P range of 1350-1650 C, SCSS evolves with increasing T P in a complicated, nonmonotonic way: for T P !1450 C, hotter mantle yields higher SCSS owing to higher temperature, and more FeO*-rich partial melt compositions; however, the SCSS of low-degree melts at T P of 1350 C is very close that at T P of 1450 C, mainly because the negative effect of pressure on SCSS dominates for the former. Comparison between the model results and reference S and Cu concentrations in primitive OIB brackets the S content in the peridotite source of high-F ($10-25%) Icelandic basalts of 50-150 ppm for T P of 1450-1550 C, and the residual peridotite mantle becomes sulfide-free during partial melting. In contrast, at a low to moderate oxygen fugacity, model results from only peridotite melting cannot reproduce the S contents of primitive OIB from the GSC, Lau Basin, Loihi and Samoa that are thought to reflect low to extremely low F (<10% to 1%). Additional lithologies such as MORB-eclogite and sediments could potentially help to reconcile the S and Cu budgets of OIB formed by low-degree melting, which depends on the initial S content and the degree of melting of the recycled lithologies, and the SCSS of the partial melts. We show that mixing of sulfide-saturated partial melts derived from low-degree melting of MORB-eclogite and from low-degree melting of metapelitic sediments that have lower SCSS with peridotite partial melts can reconcile the measured S contents in low-F (<10%) OIB from the GSC, Lau Basin, Loihi and Samoa for T P of 1450-1650 C. In this case, the peridotite mantle of the Lau Basin, GSC and Loihi contains 50-100 ppm S (0Á013-0Á026 wt % sulfide in the mantle) and becomes sulfide-free during lowdegree partial melting. This estimate could vary in other special cases, such as extremely high oxygen fugacity of the mantle domain, or the presence of Ni-enriched sulfide in the mantle. Nevertheless, our calculation shows that, owing to their low SCSS and high sulfide abundances, MORB-eclogite and metapelite sediment retain sulfide even at high degree of melting (>36%). Such subducted lithologies, therefore, could have played an important role in the sulfur inventory of the deep Earth.
One curious feature of our model results is that in the scenarios investigated, the estimated S content of the peridotitic OIB mantle of 50-100 ppm is even lower than the S abundance in MORB-source peridotite estimated in previous studies (e.g. 100-200 ppm from Ding & Dasgupta, 2017; 195 6 45 ppm from Nielsen et al., 2014; 165 ppm from Shimizu et al., 2016; 195 ppm from Saal et al., 2002) . This inference can be reconciled if the peridotite matrix of the OIB source is somewhat more depleted than the ambient mantle of the MORB source; that is, peridotite that has already experienced prior episodes of melt extraction and therefore sulfur extraction, similar to what is expected for mantle lithosphere. The mantle source for OIB in its entirety may still be more enriched, with greater proportions of recycled lithologies. This idea, based on the S-Cu systematics of OIB, is consistent with previous suggestions based on noble gas systematics and geodynamic considerations for the generation of mantle plumes (e.g. van Keken et al., 2002) , where the OIB source is modeled as a heterogeneous mixture of harzburgite and eclogitic rocks.
